Introduction
============

Hepatocellular carcinoma (HCC) has been one of the main reasons of cancer-associated mortality.[@b1-ott-9-2845] Despite the recent advances in the clinical management of liver cancer, the long-term prognosis of HCC is still dismal. Developing new treatment strategies for HCC could be one of the pressing needs.

It has been widely reported by previous studies that the antidiabetic drug, metformin, exerts critical beneficial effects against the tumor activity of several cancer types including HCC.[@b2-ott-9-2845]--[@b4-ott-9-2845] The target of metformin, the AMP-activated protein kinase (AMPK), is the energy sensor, which is highly conserved in eukaryotic cells. Under various stressed conditions, the increased adenosine monophosphate (AMP)/adenosine triphosphate (ATP) ratio leads to the phosphorylation and activation of AMPK, which further restricts the energy consumption. Apart from energy control, AMPK is implicated in multiple processes such as apoptosis, autophagy, and senescence.[@b5-ott-9-2845]--[@b8-ott-9-2845] However, the downstream events for AMPK control of these processes are not fully understood.

MicroRNAs are a class of critical regulators in cancer development and progression. Several microRNAs are implicated in HCC; moreover, it has been recently reported that metformin alters the expression profile of microRNAs in many cancers.[@b9-ott-9-2845]--[@b13-ott-9-2845] MiR-23a has been established as a tumor suppressor, and it is involved in many pathways related to cell cycle regulation, apoptosis, and epithelial--mesenchymal transition.[@b14-ott-9-2845]--[@b16-ott-9-2845] Particularly, it has been demonstrated that miR-23a enhances chemosensitivity in HCC,[@b17-ott-9-2845] addressing its important role in apoptosis regulation. Although several models have been proposed by these studies, the mechanisms underlying the antitumor effects of miR-23a are still incompletely understood.

Forkhead box protein A1 (FOXA1), also known as hepatocyte nuclear factor 3-alpha (HNF-3A), is a critical regulator for liver differentiation during organogenesis and plays pivotal roles in the carcinogenesis of other cancers.[@b18-ott-9-2845],[@b19-ott-9-2845] A recent study has shown that FOXA1 serves as a direct target of miR-212 to mediate its antitumor effect in HCC,[@b20-ott-9-2845] but the molecular mechanism for the regulation of FOXA1 is poorly understood.

In this work, we aimed to investigate whether miR-23a is involved in the metformin-induced apoptotic program. We found that miR-23a was significantly induced upon metformin treatment, and it served as a mediator of the proapoptotic action. Mechanistically, we identified that FOXA1 was functionally targeted by miR-23a. Moreover, we demonstrated that miR-23a was regulated by the upstream AMPK/p53 signaling upon metformin treatment. Our work thus revealed a novel signaling axis that comprises AMPK, p53, miR-23a, and FOXA1 in the regulation of apoptosis in HCC by metformin and may have translational relevance in developing the treatment strategies for HCC.

Materials and methods
=====================

Cell culture
------------

HCC cell lines HepG2 (carrying wild-type p53) and Hep3B (p53 deficient) were purchased from American Type Culture Collection (Manassas, VA, USA). The cells were maintained in Dulbecco's Modified Eagle's Medium containing 10% fetal bovine serum. Cells grown in culture flask or plates were incubated in a humid atmosphere containing 5% CO~2~ at 37°C. A total of 50 U/mL penicillin and 100 μg/mL streptomycin were added to the medium to avoid contamination in cases other than transfection. Metformin and Compound C were purchased from Sigma-Aldrich Co. (St Louis, MO, USA). This study did not use human tissues or the primary cultured tumor cells, only cell lines were used, thus, such permission was not required, according to The First Affiliated Hospital of Wenzhou Medical University review board.

Transfection
------------

Small nucleotides such as miR-23a, anti-miR-23a, and their negative controls (NCs) were purchased from GenePharma (Shanghai, People's Republic of China). The small interfering RNAs (siRNAs) for p53 and FOXA1 were commercially available from Santa Cruz Biotechnology Inc. (Dallas, TX, USA). Transfections were performed using Lipofectamine RNAiMAX (Thermo Fisher Scientific, Waltham, MA, USA) according to the protocol provided by the manufacturer.

Cell viability assay
--------------------

The number of living cells was detected based on the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Briefly, cells cultured in 96-well plates were treated with different concentrations of metformin. Cells were cultured for 72 hours, and then the MTT reagent (Sigma-Aldrich Co.) was added to each well. After 4-hour incubation, 200 μL dimethyl sulfoxide was added to each well to detect formazan. The absorbance value at 470 nm was taken using a spectrophotometer.

Terminal deoxynucleotidyl transferase assay
-------------------------------------------

Cells cultured on coverslips were grown in 24-well plates. After the desired treatment, cells were fixed with 4% paraformaldehyde and penetrated by 1% Triton X-100 on ice. The cells were then incubated with terminal deoxynucleotidyl transferase assay (TUNEL) reagent (Hoffman-La Roche Ltd, Basel, Switzerland) at 37°C for 1 hour according to the instructions provided by the manufacturer. Counterstaining was performed with 4′,6-diamidino-2-phenylindole (Hoffman-La Roche Ltd). For quantification of apoptosis, five nonoverlapping fields were taken from each slide and five biological repeats were performed in each group.

Real-time polymerase chain reaction
-----------------------------------

Total RNA was extracted by TRizol Reagent (Thermo Fisher Scientific). The first strand of complementary DNA was synthesized by a reverse transcriptase kit (Promega Corporation, Madison, WI, USA) using the predesigned commercial stem-loop primer set for miR-23a (GenePharma). U6 was used as an internal control, and the first strand for U6 was reverse transcribed by random primers provided in the reverse transcriptase kit. Amplification was performed using a 7500 Fast Real-Time PCR System (Thermo Fisher Scientific).

Western blot
------------

Cells were homogenized by radioimmunoprecipitation assay buffer (Beyotime, Shanghai, People's Republic of China), and the lysates were heat denatured in a sodium dodecyl sulfate loading buffer prior to electrophoresis. After the proteins were separated, proteins were transferred on to a polyvinylidene fluoride membrane, and the membranes were blocked with 5% skimmed milk. The milk-blocked membranes were incubated overnight with primary antibody. Secondary antibodies were incubated on the following day after a series of washing with phosphate-buffered saline--Tween 20. The band was detected with ECL detection system (Beyotime). The antibody sources were as follows: the primary antibodies for cleaved-caspase-3, AMPK, and p-AMPK were from Cell Signaling Technologies Inc. (Beverly, MA, USA), and the primary antibodies for p53, FOXA1, BCL-2, BAX, PARP, and Actin were from Santa Cruz Biotechnology Inc. All the secondary antibodies that are conjugated with horseradish peroxidase were also purchased from Santa Cruz Biotechnology Inc.

Luciferase activity assay
-------------------------

We cloned a fragment of the 3′ untranslated region (3′UTR) sequence from the FOXA1 messenger RNA. The sequence was then inserted into pMiR-reporter to establish the mutant 3′UTR; the seed sequence was mutated to AGGCUCUGC. Wild-type and mutant FOXA1 3′UTR plasmids were transfected along with miR-23a into HEK293 cells for 24 hours. The luciferase activity was detected according to the instructions of Dual luciferase activity assay kit (Promega Corporation). For adjusting the luciferase activity, Renilla luciferase, which is carried by TK plasmid, was used as an internal control.

Statistical analysis
--------------------

Data were expressed as mean ± standard error of the mean. One-way analysis of variance was used for multiple comparisons; pairwise comparisons were performed by Student--Newman--Keuls post hoc test. For comparisons between two groups, independent *t*-test was used. A two-sided *P*\<0.05 was taken as statistical significance.

Results
=======

Metformin induces apoptosis in HCC cells
----------------------------------------

To evaluate the effect of metformin on HCC cells, we first treated HepG2 cells with various concentrations of metformin. As shown in [Figure 1A](#f1-ott-9-2845){ref-type="fig"}, we observed a dose-dependent reduction of cell viability. Importantly, as we assessed the expression level of critical molecules in apoptosis, we found that the caspase substrates PARP were cleaved in a dose-dependent manner ([Figure 1B and C](#f1-ott-9-2845){ref-type="fig"}). BAX and BCL-2 are two important molecules in apoptosis initiation; we found that proapoptotic BAX was gradually increased and the antiapoptotic BCL-2 was decreased with the increase of metformin dose ([Figure 1B, D, and E](#f1-ott-9-2845){ref-type="fig"}). These results suggest that metformin induces apoptosis in HCC cell line HepG2.

Metformin induces apoptosis through activating miR-23a
------------------------------------------------------

We assessed miR-23a expression levels and found that miR-23a was significantly induced by metformin ([Figure 2A](#f2-ott-9-2845){ref-type="fig"}). To test whether miR-23a plays an important role in the event of metformin-caused apoptosis, we manipulated endogenous miR-23a levels by transfecting its exact antisense nucleotide. Results of TUNEL assay showed that metformin significantly increased TUNEL-positive cells in NC-transfected cells; in contrast, the apoptosis was just slightly changed under miR-23a inhibition condition ([Figure 2B](#f2-ott-9-2845){ref-type="fig"}). Western blot analysis of apoptosis markers PARP and cleaved-caspase-3 showed similar results; both PARP and caspase-3 underwent cleavage significantly under NC transfection condition; however, this effect was efficiently blocked by miR-23a inhibition ([Figure 2C and D](#f2-ott-9-2845){ref-type="fig"}).

FOXA1 is a functional target of miR-23a
---------------------------------------

To elucidate the molecular mechanism of the proapoptotic action of miR-23a, we searched the miRanda database and found that FOXA1 was potentially targeted by miR-23a ([Figure 3A](#f3-ott-9-2845){ref-type="fig"}). Transfection of anti-miR-23a increased the protein expression of FOXA1 ([Figure 3B](#f3-ott-9-2845){ref-type="fig"}), and in contrast, overexpression of miR-23a dramatically reduced FOXA1 expression ([Figure 3C](#f3-ott-9-2845){ref-type="fig"}). Luciferase assay revealed that miR-23a was able to reduce luciferase activity in wild-type 3′UTR but not in mutant 3′UTR ([Figure 3D](#f3-ott-9-2845){ref-type="fig"}), suggesting the direct interaction between miR-23a and FOXA1 messenger RNA.

Inhibition of FOXA1 mimics the proapoptotic effect of metformin
---------------------------------------------------------------

We next showed whether FOXA1 mediated the effect of miR-23a. Western blot analysis confirmed the knockdown efficiency of FOXA1 siRNA ([Figure 4A](#f4-ott-9-2845){ref-type="fig"}), and transfection of the specific siRNA for FOXA1 significantly promoted PARP and caspase-3 cleavage, which mimicked the effect of metformin, and treatment with metformin only slightly enhanced the effect of si-FOXA1 alone ([Figure 4A and B](#f4-ott-9-2845){ref-type="fig"}). Moreover, silencing FOXA1 decreased cell viability and increased TUNEL-positive cells significantly, all of which showed similar effects with metformin. Importantly, these proapoptotic effects of metformin were attenuated under FOXA1 knockdown condition ([Figure 4C and D](#f4-ott-9-2845){ref-type="fig"}). These results confirmed that metformin-induced miR-23a upregulation at least partially functions through FOXA1.

MiR-23a induced by metformin is regulated by AMPK/p53 signaling
---------------------------------------------------------------

Through which mechanism is miR-23a regulated? It is reported that AMPK activates p53 signaling; we, therefore, tested the potential transcriptional program that involves AMPK and p53 and found that metformin activated AMPK and increased the expression of p53 ([Figure 5A and B](#f5-ott-9-2845){ref-type="fig"}). Importantly, silencing p53 abrogated the inductive role of metformin on miR-23a in HepG2 cells ([Figure 5C and D](#f5-ott-9-2845){ref-type="fig"}). Moreover, the AMPK inhibitor Compound C reduced miR-23a induction by metformin ([Figure 5E](#f5-ott-9-2845){ref-type="fig"}). We next treated p53-deficient Hep3B cells with metformin and found that it failed to induce miR-23a expression ([Figure 5F](#f5-ott-9-2845){ref-type="fig"}), which suggested that miR-23a induced by metformin requires p53 activity. These data indicated that AMPK/p53 signaling acts upstream of miR-23a.

Discussion
==========

As a classic antidiabetic drug, metformin has been recently shown to exert anticancer effects in many cancers by retrospective studies and experimental validations.[@b21-ott-9-2845]--[@b23-ott-9-2845] Although some of these studies have proposed several possible mechanisms, the detailed molecular basis in downstream signaling remains largely unknown. As such, we focused on the downstream signaling events related to the anticancer action of metformin. We found that the apoptotic level and the expression of miR-23a are significantly increased in HepG2 cells upon metformin treatment, and modulation of the levels of miR-23a has critical impact on apoptosis. Further evidence showed that FOXA1 functions downstream of miR-23a and that the AMPK/p53 functions upstream of miR-23a. Therefore, we established a signaling axis that involves AMPK, p53, miR-23a, and FOXA1 in the regulation of apoptosis in HCC ([Figure 6](#f6-ott-9-2845){ref-type="fig"}); our study may highlight the potential application of metformin in HCC treatment.

MicroRNAs have evolutionarily conserved roles in regulating many aspects of cellular functions. The role of microRNAs in the development of progression of HCC has been extensively studied. Recent studies have shown that miR-23a plays a proapoptotic role in many cancer types;[@b15-ott-9-2845],[@b24-ott-9-2845] however, the reports did not reach consistency. For example, miR-23a contributes to increased radiosensitivity in nasopharyngeal carcinoma cells by altering the interleukin-8/signal transducer and activator of transcription 3 (STAT3) pathway.[@b25-ott-9-2845] In contrast, miR-23a promoted proliferation and repressed apoptosis in pancreatic cancer cells.[@b26-ott-9-2845] Most importantly, in HCC, it has been shown to mediate the cell responses to anticancer drugs.[@b16-ott-9-2845],[@b17-ott-9-2845] Consistent with most of the studies, we showed that miR-23a exerted proapoptotic function in HCC cells. Multiple genes can be targeted by a single microRNA. In our work, gain or loss of function of miR-23a exerted opposite effects in the protein level of FOXA1; combined with the data obtained from the luciferase activity assay, we identified FOXA1 as a novel target of miR-23a for the first time.

FOXA1, or HNF-3A, has a prominent role in liver development, and it is a critical transcriptional activator of liver-specific genes such as albumin. FOXA1 has been identified as a marker for breast cancer, as its expression is highly correlated with the hormone receptors such as estrogen receptor and progesterone receptor.[@b27-ott-9-2845] Moreover, mutations of FOXA1 are often observed in prostate cancers.[@b19-ott-9-2845] Despite its critical role in hepatocyte differentiation and other cancers, its functions in liver carcinogenesis and progression are seldom reported. Previous studies have demonstrated that FOXA factors are essential for sexual dimorphism in liver cancer,[@b28-ott-9-2845] and its interplay with estrogen receptor has been discussed.[@b29-ott-9-2845] A more recent finding demonstrates that FOXA1 acts as a downstream target of miR-212 and is a potential prognostic marker of HCC.[@b20-ott-9-2845] In this study, we showed for the first time that FOXA1 is involved in the proapoptotic effect of metformin, and silencing FOXA1 mimicked the proapoptotic effect of metformin, suggesting that FOXA1 is an oncogene for HCC development. Moreover, we established a direct interaction between FOXA1 and miR-23a; our findings provided new understandings in the pathogenesis and treatment of HCC.

Metformin was initially applied to diabetes mellitus by restricting energy production and consumption. The main mechanism of this action was highly dependent upon AMPK activation. Recent retrospective data found that metformin shows beneficial effect in tumor prevention, which greatly broadened its potential application. As energy metabolism is critical in cancer development, AMPK might be a promising target for cancer treatment. Zheng et al[@b4-ott-9-2845] reported that in clinical samples, the phosphorylation status of AMPK is overall lower in HCC tissues compared with that in normal tissues. And low p-AMPK expression correlated with poor prognosis, suggesting the potential treatment strategy of AMPK activation by metformin.[@b4-ott-9-2845] At present, a wide spectrum of signaling pathways has been identified regulated by metformin apart from AMPK. Miyoshi et al[@b13-ott-9-2845] recently reported that receptor tyrosine kinases such as epidermal growth factor receptor and angiogenesis-related molecules are altered by metformin; in addition, they identified a spectrum of microRNAs that are altered by metformin. Consistent with their findings, we showed that miR-23a is upregulated by metformin. In searching for the detailed mechanism by which miR-23a is regulated, we tested the previously identified AMPK/p53 pathway[@b30-ott-9-2845] and found that AMPK was significantly activated accompanied with increased p53 expression by metformin. Silencing p53 in HepG2 cells dramatically inhibited the induction of miR-23a. Moreover, miR-23a cannot be induced in p53-deficient Hep3B cells, indicating that p53 is required for metformin to induce miR-23a. However, whether miR-23a is a direct transcriptional target of p53 remains to be clarified in future works.

It is also conceivable that miR-23a--FOXA1 axis may not be the only pathway to mediate metformin-induced apoptosis. Other possible mechanisms underlying the anticancer action of metformin needs further investigation. For example, Takayama et al[@b31-ott-9-2845] reported that another forkhead transcriptional factor, FOXO3a, was inactivated by metformin by regulating its nuclear localization rather than affecting its expression. Moreover, FOXO3a was found to be functionally connected with p53 and AMPK,[@b32-ott-9-2845],[@b33-ott-9-2845] and it plays a critical role in hepatocarcinogenesis.[@b34-ott-9-2845],[@b35-ott-9-2845] It would be interesting to test whether it cooperates synergistically with FOXA1, p53, and AMPK in HCC upon metformin treatment. Intriguingly, previous finding suggested that miR-23a targets FOXO3a in heart;[@b36-ott-9-2845] whether miR-23a--FOXO3a axis is involved in metformin-induced HepG2 cell apoptosis needs to be elucidated. It has been shown that STAT3 and nuclear factor-kappa B signaling was also significantly affected by metformin treatment, both of which play important roles in maintaining the tumor activity.[@b4-ott-9-2845] In future, the downstream signaling events of STAT3 and nuclear factor-kappa B may be well characterized.

Conclusion
==========

Our present work identified a novel signaling pathway that involves AMPK, p53, miR-23a, and FOXA1 in metformin-caused apoptosis in HCC cells. Our study provided a novel insight into a critical role of microRNA regulation in apoptosis by chemical drugs and indicated the potential application of metformin in the treatment of HCC.
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![Metformin induces apoptosis in HepG2 cells.\
**Notes:** (**A**) The effect of various doses of metformin (Met) on cell viability. Cells were treated with metformin for 72 hours, and the cell viability was measured by MTT assay. (**B**) The effect of metformin on PARP cleavage and BAX and BCL-2 expression under metformin treatment. The protein expression was determined by Western blot analysis; the band density was statistically shown in the histogram in (**C**), (**D**), and (**E**). \**P*\<0.05 versus control group.\
**Abbreviation:** MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.](ott-9-2845Fig1){#f1-ott-9-2845}

![Metformin induces apoptosis through miR-23a.\
**Notes:** (**A**) The effect of various doses of metformin on miR-23a expression. Cells were treated with metformin for 72 hours, and miR-23a expression was determined by real-time PCR. \**P*\<0.05 versus control group. (**B**) The effect of anti-miR-23a on apoptosis; metformin was able to induce apoptosis in NC-transfected cells but not in anti-miR-23a-transfected cells. The cells were transfected with NC or anti-miR-23a and treated with 20 μM metformin for 72 hours. TUNEL assay was used to detect apoptosis. \**P*\<0.05 versus NC. (**C**) The effect of metformin on expressions of apoptosis markers PARP and cleaved-caspase-3. Cells were treated as described in (**B**) and were subjected to Western blot analysis; the statistics are shown in (**D**). \**P*\<0.05 versus NC.\
**Abbreviations:** PCR, polymerase chain reaction; NC, negative control; TUNEL, terminal deoxynucleotidyl transferase assay.](ott-9-2845Fig2){#f2-ott-9-2845}

![Identification of FOXA1 as a target of miR-23a.\
**Notes:** (**A**) The schematic of base pair match between FOXA1 3′UTR and miR-23a and mutation introduction. (**B**) Inhibition of miR-23a increased FOXA1 expression, and (**C**) overexpression of miR-23a reduced FOXA1 expression. \**P*\<0.05 versus NC. (**D**) The effect of miR-23a on luciferase activity. miR-23a decreased luciferase activity in WT 3′UTR-transfected HEK293 cells but not in Mut 3′UTR-transfected cells. HEK293 cells were cotransfected with miR-23a along with either WT 3′UTR or Mut 3′UTR of FOXA1; the luciferase activity was detected according to the kit instructions 24 hours after transfection. \**P*\<0.05 versus NC + WT.\
**Abbreviations:** FOXA1, forkhead box protein A1; NC, negative control; WT, wild type; Mut, mutant.](ott-9-2845Fig3){#f3-ott-9-2845}

![Inhibition of FOXA1 induces apoptosis.\
**Notes:** (**A**) The expression of FOXA1 (left panel) and apoptosis markers PARP and cleaved-caspase-3 (right panel). (**B**) The statistical histograms of cleaved-PARP and cleaved-caspase-3. Cells were transfected with NC or FOXA1 siRNA, 48 hours after transfection, the FOXA1 knockdown efficiency was determined by Western blot, and the transfected cells were then incubated with metformin (20 μM) or vehicle control for 72 hours. \**P*\<0.05 versus si-NC. (**C**) and (**D**) The effect of FOXA1 knockdown on cell viability and TUNEL-positive cell. Cells were treated as described for (**B**), \**P*\<0.05 versus si-NC, ^\#^*P*\<0.05 versus si-NC + Met or si-FOXA1.\
**Abbreviations:** FOXA1, forkhead box protein A1; NC, negative control; siRNA, small interfering RNA; Met, metformin; TUNEL, terminal deoxynucleotidyl transferase assay.](ott-9-2845Fig4){#f4-ott-9-2845}

![AMPK/p53 is required for metformin to induce miR-23a expression.\
**Notes:** (**A**) The effect of metformin on p53 and p-AMPK expression in HepG2 cells. Cells were incubated with different doses of metformin for 72 hours, and the protein expression was determined by Western blot. The band density statistical histograms are shown in (**B**), \**P*\<0.05 versus control group. (**C**) The expression of p53 was significantly decreased upon p53 siRNA transfection. Cells were transfected with si-NC or si-p53 for 48 hours and were then subjected to Western blot. (**D**) Knockdown of p53 abolished the inductive effect of metformin on miR-23a. \**P*\<0.05 versus si-NC. (**E**) AMPK inhibitor Compound C reduced miR-23a induction by metformin. HepG2 cells were incubated with metformin (20 μM) or metformin combined with Compound C (Comp C, 3 μM) for 72 hours. \**P*\<0.05 versus control (Ctl), ^\#^*P*\<0.05 versus Met. (**F**) The effect of various doses of metformin on miR-23a expression in p53-deficient Hep3B cells. Metformin was not able to induce miR-23a upregulation in Hep3B cells.\
**Abbreviations:** AMPK, AMP-activated protein kinase; siRNA, small interfering RNA; NC, negative control.](ott-9-2845Fig5){#f5-ott-9-2845}

![A model for metformin action on the survival of HepG2 cells.\
**Notes:** Metformin induces miR-23a expression in an AMPK/p53-dependent manner, which subsequently inhibits FOXA1 and promotes apoptosis and inhibits cell proliferation as a consequence.](ott-9-2845Fig6){#f6-ott-9-2845}
